TRPM4 is a calcium-activated non-selective cation channel that is widely expressed and proposed to be involved in cell depolarization. In excitable cells, TRPM4 may regulate calcium influx by causing the depolarization that drives the activation of voltage-dependent calcium channels. We here report that insulin-secreting cells of the rat pancreatic ␤-cell line INS-1 natively express TRPM4 proteins and generate large depolarizing membrane currents in response to increased intracellular calcium. These currents exhibit the characteristics of TRPM4 and can be suppressed by expressing a dominant negative TRPM4 construct, resulting in significantly decreased insulin secretion in response to a glucose stimulus. Reduced insulin secretion was also observed with arginine vasopressin stimulation, a Gq-coupled receptor agonist in ␤-cells. Moreover, the recruitment of TRPM4 currents was biphasic in both INS-1 cells as well as HEK-293 cells overexpressing TRPM4. The first phase is due to activation of TRPM4 channels localized within the plasma membrane followed by a slower secondary phase, which is caused by the recruitment of TRPM4-containing vesicles to the plasma membrane during exocytosis. The secondary phase can be observed during perfusion of cells with increasing [Ca 2+ ] i , replicated with agonist stimulation, and coincides with an increase in cell capacitance, loss of FM1-43 dye, and vesicle fusion. Our data suggest that TRPM4 may play a key role in the control of membrane potential and electrical activity of electrically excitable secretory cells and the dynamic translocation of TRPM4 from a vesicular pool to the plasma membrane via Ca 2+ -dependent exocytosis may represent a key short-and midterm regulatory mechanism by which cells regulate electrical activity.
Introduction
The transient receptor potential (TRP) proteins are a family of ion channels which are divided into three major subfamilies: the TRPC "Canonical", the TRPV "Vanilloid", and the TRPM "Melastatin" [1] [2] [3] . The TRPM subfamily consists of eight members and information regarding their physiological function has just begun to surface. TRPM4 is a widely expressed calcium-activated non-selective cation (CAN) channel that conducts mainly Na + and K + without appreciable permeation to Ca 2+ . It has a single channel conductance of ∼25 pS and is directly activated by [Ca 2+ ] i . Two splice variants have been described, a short TRPM4a, which lacks 174 amino acid residues at the N-terminus [4] , and the long form TRPM4b [5] , which we will refer to as TRPM4 throughout this manuscript. In non-excitable cells such as T-lymphocytes, the TRPM4-mediated depolarization reduces the driving force for Ca 2+ entry through Ca 2+ release-activated Ca 2+ channels (CRAC) with significant impact on Ca 2+ oscillations and cytokine production [6] . TRPM4 is also implicated in myogenic constriction and cardiac function [7, 8] , suggesting that it may critically regulate Ca 2+ entry mechanisms in electrically excitable cells as well.
Changes in membrane potential during glucose stimulation are crucial for determining the shape and frequency of Ca 2+ oscillations in ␤-cells, because each depolarization induces a concomitant rise in the [Ca 2+ ] i that triggers insulin secretion [9, 10] . Impaired Ca 2+ oscillations result in deficiencies in insulin secretion in certain forms of type 2 diabetes in humans and rodents [11] [12] [13] . The cellular and molecular components involved in membrane depolarization of ␤-cells have not been fully identified. Glucose stimulates insulin secretion by activating two pathways [11] : the triggering pathway involves a sequence of events beginning with glucose uptake, its metabolism and increase in ATP-ADP ratio, followed by closure of ATP-sensitive K + (K ATP ) channels. Closure of K ATP channels triggers membrane depolarization with opening of voltage-dependent calcium channels (VDCCs) and Ca 2+ influx [14] , however, this requires the additional presence of a depolarizing current that so far has not been identified. The opening of VDCCs is dependent on the cell membrane potential, which is around −70 mV at rest. Depolarization activates VDCCs, with peak Ca 2+ currents around 0 mV [15] [16] [17] [18] . TRPM4 currents reverse around 0 mV, and enhanced channel activity depolarizes cells from negative resting membrane potentials [5] . In this scenario, TRPM4 is an ideal candidate for controlling VDCC activation. Therefore, we hypothesized that TRPM4 is a key regulatory component that controls membrane potential and provides the basis for Ca 2+ entry through VDCCs. The amplifying pathway, also referred to as the K ATP independent pathway, depends on an already elevated [Ca 2+ ] i . It acts by increasing the efficiency of Ca 2+ on secretion.
In this study, we investigated the functional role of TRPM4 during glucose-induced insulin secretion in ␤-cells using the rat insulinoma cell line INS-1 as a model system. We find that TRPM4 is not only abundantly expressed in these cells, but critically regulates insulin secretion. Suppression of TRPM4 by a dominant negative construct of TRPM4 suppressed the normal pulsatile pattern of insulin secretion. Our results also indicate that translocation of TRPM4-containing vesicles via Ca 2+ -dependent exocytosis may represent a mechanism by which ␤-cells regulate the pool of TRPM4 channels in the plasma membrane.
Methods

Electrophysiology
Solutions
HEK-293 cells grown on glass coverslips were transferred to the recording chamber and kept in a standard modified Ringer's solution of the following composition (in mM): NaCl 140, KCl 2.8, CaCl 2 
Patch-clamp
Patch-clamp experiments were performed in the tightseal whole-cell configuration at 21-25 • C. High-resolution current recordings were acquired by a computer-based patchclamp amplifier system (EPC-9, HEKA, Lambrecht, Germany). Patch pipettes had resistances between 3 and 6 M after filling with the standard intracellular solution. Immediately following establishment of the whole-cell configuration, voltage ramps of 50 ms duration spanning the voltage range of −100 to +100 mV were delivered from a holding potential of 0 mV at a rate of 0.5 Hz over a period of 600-1000 s. All voltages were corrected for a liquid junction potential of 10 mV between external and internal solutions when using glutamate as intracellular anion. Currents were filtered at 2.9 kHz and digitized at 100 s intervals. Capacitive currents and series resistance were determined and corrected before each voltage ramp using the automatic capacitance compensation of the EPC-9. The low-resolution temporal development of membrane currents was assessed by extracting the current amplitude at −80 mV or +80 mV from individual ramp current records. Data analysis, statistical analysis and graphical display of patch-clamp experiments were done using the Igor Pro 5 software program (Wavemetrics).
RT-PCR and immunoprecipitation
Total RNA was extracted with RNAzol according to the manufacturer's protocol (ISO-TEX Diagnostics, Friendswood, TX). DNAse I-treated RNA was used for reverse transcription using RETROscript Kit (Ambion, Austin, TX). PCR was performed by a standard method using Advantage Polymerase PCR Kit (Clonetch, Palo Alto, CA). For immunoprecipitation, cells were lysed for 30 min at 4 • C in Tris buffer pH 7.5 containing 1% Triton X-100 (Bio-Rad, Hercules, CA) and protease inhibitors. Immunoprecipitation was resolved by 6% SDS-PAGE blotted with the rabbit polyclonal antisera against the C-terminal region of human TRPM4 and visualized by Enhanced Chemiluminescence (Amersham Pharmacia Biotech). 4 . After a 15-min equilibration period at 37 • C, cells were exposed to different treatments and allowed to incubate for 15 min. At the end of each experiment, the KRB was collected for insulin RIA [19] and the number of cells quantified. Each treatment was done in quadruplicates and repeated three times.
Measurement of insulin secretion
Perifusion experiments
The perifusion system used was as previously described [19] . INS-1 cells were grown on 22 mm round glass coverslips inside a multi-well culture plate for 3-4 days until confluency (∼10 6 cells). Each coverslip was then removed from each well and mounted inside a 25 mm perifusion chamber (Millipore Swinnex Filter Holders, Waters, Milford, MA, U.S.A.) with cells facing inside the chamber. Initially, the cells were perifused for a 20 min equilibration period at 37 • C with modified KRB. The flow rate was adjusted to 0.5 ml/min prior to experiments and samples collected at 30 s intervals. At the end, the glass coverslips were removed from the chambers and the number of cells quantified. Insulin concentration from effluent samples were measured by RIA. Experiments were replicated three times with different cell passages.
Confocal microscopy
Exponentially growing Flag-TRPM4-transfected HEK-293 cells were plated on 12 mm glass coverslips and incubated overnight. After 24 h cells were incubated with 1 M Cell Tracker Green (Molecular Probe, Eugene, OR) during 30 min at 37 • C. Cells were then activated with 1 M ionomycin to induce exocytosis. The activation reaction was stopped and cells fixed by incubating coverslips in 100% methanol 10 min at −20 • C. All subsequent steps were carried out at room temperature. Cells were rinsed in PBS and incubated in blocking solution (PBS-0.5% FSG) for 45 min to reduce nonspecific binding of antibodies. After rinsing coverslips three times in PBS-0.02% FGS, primary and secondary antibodies were added sequentially for 30 min. The Flag antibody was used at 1/5000 and secondary antibody GAM-Alexa-568 at 1/6500. Coverslips were then inverted into 10 ml of mounting medium containing antifade agents (Biomeda Corp., Foster City, CA). Confocal images were obtained using a Bio-Rad MRC 1024ES laser-scanning microscope (Bio-Rad, Hercules, CA).
Fluorescence imaging and analysis
Exocytosis was monitored using a membrane marker FM1-43. Cells were loaded with 10 M FM1-43 for 24 h in culture medium and prior to experiments were washed and equilibrated for 15 min in standard buffer solution. Fluorescence of FM1-43 was excited with 480 nm and collected at 535 nm. Data acquisition from Ca 2+ measurement experiments were obtained with a dual excitation fluorometric imaging system (TILL-Photonics, Gräfelfingen, Germany) and controlled by TILLvisION software. Fura-2 AM loaded cells (5 M/30 min/37 • C) were excited by wavelengths of 340 and 380 nm. Fluorescence emissions of several cells were sampled at 1 Hz and computed into relative ratio units of the fluorescence intensity of the different wavelengths. Data analysis, statistical analysis and graphical display of imaging data were done using the Igor Pro 5 software program (Wavemetrics).
Data analysis
Results from insulin secretion experiments were analyzed using SAS PROC MIXED procedure and a randomized block design. Individual mean comparisons were performed using F-test. The significance level was set at P < 0.05.
Results
We first probed for TRPM4 in ␤-cells and investigated whether currents with the characteristics of the channel could be detected. In addition to MIN-6 cells [20] , we detected TRPM4 transcripts in HIT-T15 (hamster derived), INS-1 and RINm5F (rat derived) cells. The cDNA of Jurkat Tcells were used as positive control [6] (Fig. 1A) . To confirm protein expression in the plasma membrane, we used a rabbit polyclonal anti-peptide antibody against TRPM4. The channel was detected in INS-1 and RINm5F cell lines and Jurkat T-cells as a single band with the predicted molecular size (Fig. 1B) . No protein was detected after immunoprecipitation with an irrelevant control antibody (C). Next, we selected INS-1 cells for the functional characterization, because they represent a widely accepted model for ␤-cell metabolism and insulin biosynthesis [21] [22] [23] . Perfusion of cells with 0.5-3 M [Ca 2+ ] i induced TRPM4 currents in a concentration-dependent manner (Fig. 1C ) that typically exhibited a biphasic pattern. The first phase was observed within seconds after establishment of whole-cell configuration ( Fig. 1C upper panel) and was followed by a secondary phase that gradually developed during the course of experiments (Fig. 1C lower panel) . The current-voltage relationships taken from representative cells at the peak of the first phase and at 600 s for the second phase resemble those of TRPM4 ( Fig. 1F and G) . A dose-response fit to the first phase and secondary phase gave EC 50 values of 1.7 M and 1.2 M, respectively (Fig. 1D) . Interestingly, the appearance of the secondary phase correlated with an increase in cell capacitance (Fig. 1E) . We repeated the above data set in the HIT-T15 ␤-cell model, as TRPM4 could be detected there by immunoprecipitation as well using the rabbit polyclonal anti-peptide antibody against TRPM4 (data not shown). In these cells we also observed a first phase and a secondary phase developing in parallel to an increase in cell size and comparable dose-response curves (data not shown).
Because multimerization of TRPM4 is likely required to form the proper pore structure of the channel, we utilized a truncated form lacking the first 177 amino acids in the Nterminus to obtain a dominant negative effect ( N-TRPM4) and investigated its role on insulin secretion. Previously, we have shown the ability to this mutant form to associate with endogenous TRPM4 channels and suppress their activity [6] . Exposure of control, mock-transfected INS-1 cells to 4, 10 and 25 mM glucose stimulated insulin secretion in a concentration-dependent manner, where glucose at 25 mM resulted in a ∼2.2-fold increase in secretion compared to basal 4 mM. Suppression of endogenous TRPM4 by the N-TRPM4 construct significantly decreased the response to 10 and 25 mM glucose (P < 0.05) compared to control cells ( Fig. 2A ) and glucose at 25 mM resulted in a much reduced ∼1.3-fold increase in secretion compared to basal 4 mM in N-TRPM4 cells. Likewise, the response to 1 M arginine vasopressin (AVP) was significantly decreased (P < 0.05) in N-TRPM4 compared to control cells (Fig. 2B) . However, insulin secretion in response to 20 mM KCl or 1 mM l-arginine, which both depolarize cells directly and independently of TRPM4, did not differ.
In ␤-cells, oscillations in the membrane potential result in oscillations in Ca 2+ signals, because each depolarization opens VDCCs and Ca 2+ influx occurs. As a result, insulin is secreted in a pulsatile fashion. To investigate the impact of TRPM4 on the pulsatile secretion pattern, we utilized a perifusion system to measure secretion in response to a glucose stimulus in N-TRPM4 cells. TRPM4 suppression significantly decreased insulin secretion to 25 mM glucose compared to control, mock-transfected INS-1 cells (Fig. 2C) . The typical oscillations observed with glucose stimulation were absent in N-TRPM4 cells. At the end of experiments, cells were depolarized with 20 mM KCl to test their viability and this response remained unaffected.
Electrophysiological recordings of TRPM4 currents in ␤-cells showed a biphasic pattern during perfusion with elevated [Ca 2+ ] i . The first phase activated within seconds after establishment of whole-cell configuration [5] . We hypothesized that based on its rapid kinetics, the first phase might be due to activation of TRPM4 channels already present in the plasma membrane and that the secondary phase might result from translocation and incorporation of TRPM4-containing vesicles to the plasma membrane during exocytosis. The latter notion is based on the observation that an increase in cell capacitance correlated with the development of the secondary phase. To characterize this secondary phase, we utilized HEK-293 cells overexpressing TRPM4 to facilitate the visualization of currents/capacitance changes under different [Ca 2+ ] i concentrations. In agreement with the observations in ␤-cells, perfusion with 0.1-10 M [Ca 2+ ] i induced biphasic currents in a concentration-dependent manner ( Fig. 3A and B) . The first phase was observed within seconds after establishment of the whole-cell configuration followed by a secondary phase that gradually developed during the course of experiments. The current-voltage relationships taken from representative cells at the peak of the first and secondary phases for different Ca 2+ concentrations are typical of TRPM4 (Fig. 3E and F) . A dose-response fit to the first phase and secondary phase gave EC 50 values of 1.2 and 1.3 M, respectively (Fig. 3C) . As in the ␤-cells, the appearance of the secondary phase also correlated with an increase in cell capacitance (Fig. 3D) .
To test whether the secondary phase was indeed due to exocytosis, we labeled intracellular vesicles with the styryl dye FM1-43, which is used as fluorescent probe for membrane trafficking [24, 25] . Perfusion of cells with 1 M Ca 2+ resulted in greater fluorescence loss compared to 100 nM or intact control cells ( Fig. 4A and B ; average fluorescence changes in Fig. 4C ). Further, we obtained electrophysiological recordings from cells loaded with FM1-43 dye to determine if there was an increase in capacitance during fluorescence loss. Perfusion with 1 M [Ca 2+ ] i increased membrane capacitance (Fig. 4D ) that correlated with fluorescence loss (see Fig. 4C ) during the development of the secondary phase (see Fig. 4E ). This was not observed in cells perfused with 100 nM [Ca 2+ ] i . These findings suggest that vesicles containing TRPM4 channels are recruited to the plasma membrane, since fluorescence loss and increased capacitance and the appearance of the secondary phase all correlated temporally.
To visualize TRPM4 translocation, HEK-293 cells bearing a Flag-tagged version of TRPM4 were loaded with cytotracker green dye before stimulation with 1 M ionomycin. Under confocal microscopy, the projected stacks showed a membrane translocation of TRPM4 (in red) after exocytosis (Fig. 5A) . The translocation and incorporation of TRPM4 to the plasma membrane led us to test whether the channel itself was involved in the exocytotic process. We reasoned that if TRPM4 plays a role in the exocytotic process, the N-TRPM4 construct should not only inhibit currents carried by TRPM4 but might also affect capacitance changes. HEK-293 cells expressing N-TRPM4 constructs indeed had significantly smaller TRPM4 current amplitudes compared to controls when perfused with 1 M Ca 2+ (Fig. 5B) , however, there was no obvious effect on exocytosis as indicated by capacitance measurements (Fig. 5C) .
Since TRPM4 significantly reduced insulin secretion in response to glucose and AVP stimulation, we examined whether the secondary phase of current recruitment could be observed with agonist stimulation. We hypothesized that if an initial carbachol treatment increased [Ca 2+ ] i leading to exocytosis and recruitment of TRPM4 vesicles, a second application would result in greater currents due to an increased number of channels in the plasma membrane. Utilizing Ca 2+ imaging techniques, fura-2-AM loaded cells were stimulated with 1 mM carbachol for 200 s followed by washout and a second stimulation (Fig. 6A) . The first carbachol application induced a sharp peak in [Ca 2+ ] i that was followed by a sustained secondary phase due to Ca 2+ influx necessary for exocytosis and TRPM4 currents were less than 1 nA in amplitude. After a washout period, a second carbachol application resulted in a smaller Ca 2+ signal, however now the currents carried by TRPM4 were around 10 nA in amplitude. Control cells that received single carbachol stimulation produced a small increase in TRPM4 current following the first agonist application, but failed to develop the secondary phase (Fig. 6B) . The current-voltage relationships from a representative cell before and after carbachol stimulation for both time periods resemble those of TRPM4 (Fig. 6C) . In these experiments, exocytosis was confirmed by an increase in cell capacitance after carbachol stimulation (Fig. 6D) .
Discussion
The present study was undertaken to investigate the functional role of TRPM4 in pancreatic ␤-cells and to provide insights on the mechanism by which these cells regulate the pool of TRPM4 in the plasma membrane. We have found that TRPM4 is not only expressed in a variety of ␤-cell lines, but critically regulates insulin secretion during glucose stimulation. Suppression of TRPM4 by a dominant negative effect significantly decreased secretion with profound impact on the amplitude of insulin oscillations. Pulsatile insulin release is caused by oscillations in [Ca 2+ ] i , driven by the opening and closure of VDCCs, which in turn is dependent on the cell's membrane potential. At rest, this potential is controlled mainly by a hyperpolarizing current carried by K ATP channels [26] . As ATP levels increase, these channels close. However, closure of K ATP itself is not accountable for the shift in the potential away from the equilibrium potential of K + , suggesting that another depolarizing component is contributing to the depolarization [14, 27] . Our results suggest that TRPM4 is a key factor involved in the depolarizing cur- rent that controls the opening of VDCCs that initiates insulin secretion. Based on our results, we propose the following model: The uptake of glucose and its metabolism initiates both an increase in [Ca 2+ ] i , due to release from intracellular stores [9, 10] and the closure of K ATP channels due to an increase in ATP. Both events may contribute to the initial membrane depolarization, since the initial rise in [Ca 2+ ] i may activate Ca 2+ -activated cation channels and the closure of K ATP channels would enhance their depolarizing effect. It remains to be determined whether the initially recruited Ca 2+ -activated currents are carried by TRPM4 or TRPM5, which have also been found in ␤-cells [20] , or both. In any case, the initial depolarization can reach the threshold potential of VDCCs, which further elevates [Ca 2+ ] i and induces insulin release. At this point, TRPM4 may sustain the depolarization and maintain VDCC activity to drive Ca 2+ influx and secretion. The large increase in [Ca 2+ ] i during a depolarizing episode is followed by hyperpolarization, which may result from strong activation of Ca 2+ -activated K + channels and/or re-activation of IK ATP due to ATP consumption underneath the plasma membrane and/or inactivation of VDCCs. This results in a termination of the depolarization episode and causes a decrease of [Ca 2+ ] i and insulin secretion. Since ␤-cells exhibit many of these depolarizing episodes in an oscillatory pattern, the cell will depolarize again. This could be due to inactivation of the Ca 2+ -activated K + channels, so that residual TRPM4 activity could again reach the threshold for VDCC activation. Alternatively, or in addition, oscillatory Ca 2+ release could trigger or contribute to the next depolarizing episode in much the same way as proposed for the initial trigger event.
In this scenario, inhibition of TRPM4 function would significantly impact glucose-mediated Ca 2+ influx and secretion as we observed with the dominant negative construct. Stimulation of insulin secretion by hormones such as AVP has also been well documented [28] [29] [30] and is thought to be involved in the amplifying pathway. In ␤-cells, AVP binds V 1b receptors coupled to Gq proteins, which signals via the PLC-␤ pathway leading to hydrolysis of PtdIns(4,5)P 2 with Ins(1,4,5)P 3 and DAG formation [19] . DAG activates PKC and Ins(1,4,5)P 3 promotes Ca 2+ release from the ER. Sustained insulin secretion during hormone stimulation also requires a secondary phase due to Ca 2+ influx [31] [32] [33] . The fact that TRPM4 suppression inhibits secretion in response to AVP stimulation suggests that it may regulate agonistmediated signaling in a similar way as glucose-induced mech- anisms, as they both hinge on an initial Ca 2+ release event that would lead to activation of Ca 2+ -dependent channels such as TRPM4 and/or TRPM5. The involvement of a TRPM4-mediated depolarization in these events is further supported by the fact that secretion induced by KCl or l-arginine did not differ between controls and N-TRPM4 groups, since these stimuli cause a direct cell depolarization that bypasses the requirement for TRPM4.
An important observation made during electrophysiological recordings of TRPM4 in ␤-cells, was that an increase in cell capacitance associated with the development of a secondary phase, where TRPM4 currents grew into several nA of magnitude. This suggests that exocytosis, a Ca 2+ -dependent process was involved in the recruitment of additional TRPM4 channel activity. This hypothesis was confirmed by perfusion of cells with increasing [Ca 2+ ] i , which resulted in a dosedependent increase and acceleration of the secondary phase in parallel with cell capacitance. Buffered [Ca 2+ ] i at resting levels failed to induce TRPM4 translocation. These observations were made both in ␤-cells and HEK-293 cells. Further, loss of FM1-43 dye during elevated [Ca 2+ ] i also correlated with an increase in capacitance and the secondary phase. This led us to believe that vesicles containing TRPM4 channel were indeed recruited to the plasma membrane and this was further corroborated by confocal microscopy with fluorescent antibodies against TRPM4. Translocation of TRP channels to the plasma membrane appears to be a key event in determining their functionality. Several members of the TRP family, such as TRP-3 [34] , TRPC3 [35] , TRPC5 [36] , TRPC6 [37] and TRPV1 [38] have been reported to translocate to the plasma membrane during exocytosis. TRPM4 translocation and activation was dependent on [Ca 2+ ] i , which differs from studies with TRPC3 and TRPC6, where a Ca 2+ independent mechanism was proposed [35, 37] . Elevated [Ca 2+ ] i in the recording pipette induced concomitant TRPM4 translocation and activation, however, during receptor-mediated recruitment, an initial carbachol application increased capacitance without significant current development. This suggested translocation and incorporation of inactive channels or that the [Ca 2+ ] i levels were not high enough to reveal substantial activation of the translocated channels. The fact that these channels indeed translocated was demonstrated by a second agonist stimulation, which induced a smaller increase in [Ca 2+ ] i that was nevertheless sufficient to generate a larger current amplitude. A similar observation was reported in HEK-293 cells for heterologously expressed TRPC5 channels, where a second EGF application results in greater TRPC5 currents [36] . Secretory cells usually possess two pools of vesicles: the readily-releasable pool (RRP), which are docked with the plasma membrane and the releasable pool (RP) present in the cytoplasm awaiting for recruitment [39, 40] . The kinetics of capacitance changes and translocation experiments with fluorescent TRPM4 antibodies is consistent with TRPM4 vesicles being part of the RP rather than the RRP. Recruitment of TRP channels to the plasma membrane is suggested to be involved in physiological processes such as fertilization, nociception and differentiation [35, 36, 38] . In the context of ␤-cells, it is possible that recruitment of TRPM4 may function in the support of depolarization during glucose or hormone stimulation, which typically proceed over tens of minutes.
A somewhat surprising result of this study was that the two phases of TRPM4 recruitment exhibited very similar Ca 2+ sensitivities around ∼1.2 M in both INS-1 and HEK-293 cells (Figs. 1D and 3C ). The TRPM4 sensitivity toward Ca 2+ appears to be highly variable, with reported EC50 values from 1 to 500 M [5, 6, [41] [42] [43] , possibly reflecting different experimental conditions as well as genuine regulatory mechanisms; the lowest sensitivities being observed in excised membrane patches. Factors that contribute to TRPM4's Ca 2+ sensitivity include protein kinase C and calmodulin, which both seem to shift the apparent EC 50 values to the left [42] . Two recent studies have proposed phosphatidylinositol 4,5-bisphosphate PIP 2 to be the most important regulator of TRPM4 [41, 43] , as the phospholipid greatly enhances TRPM4 Ca 2+ sensitivity and its depletion could be the possible cause for the its desensitization. Our previous works [5, 6, 44] and the present study provide little indication for significant desensitization of channels in whole-cell recordings. Although the first phase of TRPM4 current, reflecting the activity of plasma membrane-resident channels, does inactivate in HEK-293 cells overexpressing TRPM4, this occurs only at Ca 2+ levels around the EC 50 and is not observed in INS-1 cells (Fig. 1C) or in Jurkat T-cells [6, 44] , which express TRPM4 natively. The secondary phase of TRPM4 current in HEK-293 cells does not inactivate and persists at plateau levels for minutes (Figs. 3 and 4) . Moreover, if this inactivation were due to PIP 2 depletion, one would have expected the secondary phase to exhibit a significant rightshift in Ca 2+ dependence, which was not observed in either HEK-293 or INS-1 cells. It should also be noted that our experimental conditions actually would favor PIP 2 breakdown, since we perfused cells with high Ca 2+ concentrations, which might cause PLC activation and our pipette solutions were devoid of Mg-ATP, which would impede PIP 2 resynthesis. Furthermore, the vast majority of cellular PIP 2 molecules are found in the plasma membrane [45] [46] [47] [48] [49] , suggesting that the vesicular TRPM4 channels translocating to the plasma membrane, at least initially, are not bound to PIP 2 , yet respond to Ca 2+ with relatively great affinity. Based on these considerations, it would seem that PIP 2 regulation of TRPM4 plays a minor role at best under our experimental conditions, which arguably are closer to physiological circumstances than excised membrane patches in which most of the PIP 2 regulation has been characterized so far.
In conclusion, this study describes a key role for TRPM4 during glucose-induced insulin secretion in ␤-cells. This finding may provide important insights into the etiology of some forms of type 2 diabetes, where defects in Ca 2+ and insulin oscillations are observed. Additionally, translocation and incorporation of TRPM4 channels into the plasma membrane may represent a key short-and midterm regulatory mechanism by which ␤-cells regulate electrical activity. As such, the identification of TRPM4 as a key player in ␤-cell function also makes this channel an attractive novel candidate for drug development for diabetes.
